In this paper the analysis and design approaches of microwave oscillators are surveyed and classified into three categories namely, linear, quasi-linear, and nonlinear. An applicable method is chosen from each approach to be implemented using MATLAB package. These MATLAB written programs are used to design an 8.5 GHz microstrip oscillator. The results of these programs are entered to a powerful CAE package, namely the "Microwave Design System", as initial designs. These designs are enhanced using the available optimization routines. The final optimized linear, quasi-linear, and nonlinear designs are compared using the most powerful nonlinear simulation and the transistor nonlinear model. From these simulations, the performance of each design method can be determined accurately. It is found that the nonlinearly designed oscillator circuit is the most accurate one. This circuit is fabricated and measured to verify the validity of the used simulation techniques. Excellent agreement between theoretical and experimental results is obtained.
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I. INTRODUCTION
Microstrip solid-state oscillators are particularly useful for space and military applications where weight and size impose severe limitations on the design of the system. Analysis and design approaches of microwave oscillators fall into one of three categories namely, linear, quasi-linear, and nonlinear approaches. The classification of these approaches is shown in Fig.1 .
The linear analysis and design methods are based on small signal S-parameters. Therefore, the prediction of oscillation frequency is our main concern. In this case, it is not possible properly to predict output power or noise performance without scme further oscillator measurements. The closed-loop stability approach allows better control of the stability of the amplifier and the loaded Q of the oscillator, but this method is not easy to use and is inaccurate for the analysis of the highest frequency oscillators. The reflection approach is more convenient for microwave frequencies.
An alternative way combines the advantages of both approaches was obtained [1] , to use the gain-loop method (positive feedback) to obtain an approximate output frequency. This output frequency then must be compared with output frequency obtained at different planes of the oscillator using the negative resistance approach. The plane, which achieves the closest frequency to that obtained with the gain-loop method, will be selected to use the negative resistance (reflection) approach. The quasi-linear analysis and design methods are based on the large-signal design techniques such as the device line measurement technique [2], the load pull technique [3, 4] , and the gain saturation approximation technique [5, 6] . Some quasilinear approaches are concerned with the maximum power output [7, 8] , while some others are based on large-signal device modeling techniques [9, 10] .
The nonlinear analysis and design methods are classified into time-domain, frequency-domain, and combined time-frequency technique [11] . In time-domain technique, the oscillator may be analyzed by solving a set of differential equations as in the conventional circuit theory [12] or by using the black box modeling method [13] .
On the other hand, frequency-domain technique may be categorized into harmonic balance [14] [15] [16] and Volterra series [17] . 
II. LINEAR DESIGN OF A MICROSTRIP OSCILLATOR
The negative resistance method divides the oscillator into two parts: the negative resistance generator and the resonator [2, 18] , as shown in Fig.2 . The classic oscillator theory of negative resistance establishes that the impedance presented by the resonator must be equal to the impedance presented by the negative resistance generator (with opposite sign) to begin oscillations. The equations
(2) are satisfied in any place in the circuit at the oscillation frequency in the steady -state condition. Although most oscillators operate in large signal conditions, the small signal S parameters are used here. We get the small signal S parameters from data sheets or by measuring the transistor using a network: analyzer.
The negative resistance approach has the following Linear design methods:
• The first method is based on maximizing the negative resistance of the active network to obtain a one-port oscillator [3, 4] . This requires a powerful optimizer to determine appropriate values of the gate termination and the positive feedback.
• The second method is a two-port oscillator [1] . It is easy and straightforward and appropriate for most CAD programs.
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• The third method was proposed by Gonzaleze et. al. [19] especially for crystal oscillators and may be applied for VCOs with minor modifications.
Extended oscillator circuit
Fig.2. A negative resistance oscillator topology.
A library of programs were written using MATLAB program to facilitate the use of these three oscillator design methods. The oscillator given in Fig.3 is designed using the implemented program for the second method "CADLinOs.m". The input of this program is the S-parameters of the transistor (NE71083 MESFET) at Vds=3V and Ids = 30mA. The output design parameters of an 8.5 GHz oscillator are given in Table 1 . V00 Fig.3 . Basic oscillator topology useful in CAD programs. 
Ill. QUASI-LINEAR OSCILLATOR DESIGN
In this paper the gain saturation approximation technique is used as the quasi-linear design method since it is easy to be programmed. This design technique is based on the fact that S21 varies more than other S-parameters under large signals. Maeda [6] , found that small signal measurements are adequate to predict frequency. Johnson [5] , suggested that large signal effects produce primarily resistive changes with power much more than the other parameters. It is assumed that all S-parameters except the magnitude of S21 are constant under Large-Signal. However, S21 is reduced significantly due to transistor saturation. The design using gain saturation approximation procedure is as follow [5] :
• Get the small signal S-parameters (from the manufacturer or by measurements).
• Calculate the amplifier small signal power gain G from the following equation:
Ln(G)
• Substitute GME for G in Eqn.3 and calculate the reduced value of IS211.
• Use the new value of IS21Ito design the embedding circuit of the oscillator.
The gain saturation approximation method is programmed using MATLAB.The written program "Gainsat.m" is applied to the small signal S-parameters of the transistor (NE71083 MESFET), to obtain the large-signal S-parameters approximately. These new parameters are entered to the "CADLinos.m" program to calculate the new structure of the 8.5GHz oscillator circuit. The parameters given in Table 1 are modified according to the quasi-linear design as shown in Table 2 . 
IV. NONLINEAR DESIGN
The conventional methods which were introduced in Sec.II & Sec.11l and applied using MATLAB have the following sever drawbacks:
Where k is the stability factor of the transistor.
• Calculate the maximum efficient gain GmE associated with the output power from: b) After load circuit design, a coupling capacitor must be inserted before connecting the 500 load. This capacitor is not included in the calculations of the output circuit, so this may cause a drift in the oscillation conditions. in this paper, the capacitor and its package parasitic are included in the design of the output circuit to confirm the conditions of oscillation.
c) Linear and quasi-linear designs consider the fundamental oscillation frequency only. So, output power, harmonic levels, time-domain waveforms and total harmonic distortion can not be calculated and therefore can not be enhanced. In this work, all these parameters will be calculated precisely.
The initially designed linear and nonlinear circuits of Sec.II & Sec.III are enhanced to overcome the drawbacks of a & b, while the drawback of c is covered through the nonlinear design method of this section. The total oscillator performance of the linear and quasi-linear circuits is optimized using the S-parameters only (i.e. without applying the transistor nonlinear model).
On the other hand, Nonlinear design of oscillator circuits can provide the most accurate prediction of the oscillator performance. But any nonlinear simulation must be applied to a circuit with a transistor nonlinear model.
In this paper an enhancement harmonic balance technique is used as a nonlinear analysis method. As indicated in Fig.4 , the harmonic balance is based on the separation of any circuit into two parts:
• First, a sub-circuit ∎Nhich contains all the linear elements and the independent voltage and curren'i generators.
• Second, a sub-circuit, which contains all the nonlinear elements.
The linear sub-circuit is analyzed in the frequency domain and the non-linear part in the time domain. The main objective of the harmonic balance method is to find a steady state solution by matching the solutions of these two analyses whatever the studied frequency. A Fourier transform is then used to pass from the time domain to the frequiency domain. In this case, an error function has to be found and minimized. The principle of this method is presented in Fig. 4 . From a signal si(f), the response of the hnear sub-circuit is obtained [s2(f)]. After a reverse Fourier transform the signal to the nonlinear circuit is calculated [s2(t)]. The response of the nonlinear circuit is s7At.). Then s3(f) is obtained by Fourier transform and is compared with the initial si(f). 'if they are equal, then a steady state is found and s3(f) is the solution. If these two values are not identical, si(f) must be modified and the overall cycle resumed. To have a high performance oscillator, three points must be established [20] : 1. Only one oscillation frequency is generated. 2. Calculation of the oscillation frequency, the output power and the noise spectrum is Compatible with the specifications. 3. The oscillator frequency is stable,as a function of the bias.
The used CAE algorithm for the nonlinear oscillator design is given in Fig. 5 . An appropriate nonlinear empirical model is implemented for the used MESFET to prepare the oscillator for nonlinear simulation. The overall microstrip oscillator is designed, simulated and optimized using the nonlinear procedure as shown in Fig.5 . 
V. COMPARISON BETWEEN LINEAR, QUASI-LINEAR AND NONLINEAR OSCILLATOR DESIGNS
The linear and the quasi-linear optimized oscillators are designed without applying the transistor nonlinear model. Their designs depend only on the S-parameters of the transistor. In this section, the nonlinear model of (NE71083 MESFET) will be used with the optimized linear and quasi-linear oscillators. The linear and quasi-linear oscillators are analyzed using the harmonic balance technique to predict their performances accurately. The performance of the linear 8.5GHz oscillator is shown in Fig.6 . The performance of the quasi-linear 8.5GHz oscillator is shown in Fig.' 7. It is clear from both figures that the linear and the quasi-linear methods have bad performances compared with the nonlinear oscillator shown in Fig.8 . Table 3 compares the vakres of the important parameters of each oscillator. 
VI. CONCLUSION
In this paper the analysis and desigr approaches of microwave oscillators are surveyed and classi,fied into three categories namely, linear, quasi-linear, and nonlinear approaches. An applicable method is chosen from each approach to be implemented using MATLAB package. All microstrip discontinuities are taken into consideration. The final optimized linear, quasi-linear, and nonlinear designs are compared using the most powerful ronlinear simulation and the transistor nonlinear model. It is found that the linear and quasi-linear designs have large frequency deviations '(8.2% shift for the linearly designed circuit and 3.2% for the quasi-linear one). These two methods also have a great harmonic distortion. The nonlinearly designed oscillator circuit is the most accurate one. The measured oscillation frequrancy of the implemented circuit is found to be 8.46GHz. So, it deviates by only 0.4°70 from the design target ci 8.5GHz. The output power obtained from the implemented nonlinear circuit approximately meets the predicted one. 
